We explore the radial variation of star formation histories in dwarf galaxies simulated with Feedback In Realistic Environments (FIRE) physics. The sample contains 9 lowmass field dwarfs with M star = 10 5 − 10 7 M from previous FIRE results, and a new suite of 17 higher mass field dwarfs with M star = 10 7 − 10 9 M introduced here. We find that age gradients are common in our dwarfs, with older stars dominant at large radii. The strength of the gradient correlates with overall galaxy age such that earlier star formation produces a more pronounced gradient. The relation between formation time and strength of the gradient is driven by both mergers and star-formation feedback. Mergers can both steepen and flatten the age gradient depending on the timing of the merger and star formation history of the merging galaxy. In galaxies without significant mergers, early feedback pushes stars to the outskirts at early times. Interestingly, among galaxies without mergers, those with large dark matter cores have flatter age gradients because these galaxies have more late-time feedback. If real galaxies have age gradients as we predict, stellar population studies that rely on sampling a limited fraction of a galaxy can give a biased view of its global star formation history. We show that central fields can be biased young by a few Gyrs while outer fields are biased old. Fields positioned near the 2D half-light radius will provide the least biased measure of a dwarf galaxy's global star formation history.
INTRODUCTION
A key question in galaxy formation is to understand how stellar mass builds up in galaxies over time. Observed colormagnitude diagrams (CMDs) together with sophisticated stellar population synthesis models provide a powerful approach to measure the star formation histories (SFHs) of Table 1 . Table of properties of the simulated galaxies used in this work at z = 0. (1) stellar mass, (2) halo mass, (3) maximum circular velocity, (4) mean 2D half-light radius over all projections; (5) lookback time to the formation of 50% of stars within 10% of the virial radius of the halo; (6) lookback time to the formation of 90% of stars within 10% of the virial radius of the halo; (7) and (8) much about the nature of galaxy formation on small scales. For example, ultrafaint dwarfs appear to be almost universally old (Brown et al. 2014; Weisz et al. 2015) , lending support to the idea that these objects had their star formation quenched by reionization (Efstathiou 1992; Bullock et al. 2000; Ricotti & Gnedin 2005; Rodriguez Wimberly et al. 2018) . Most larger dwarf galaxies, on the other hand, cease star formation only when they are within the virial radius of a larger galaxy (e.g. the Milky Way or M31), a result that provides a useful means to constrain models of environmental quenching (Geha et al. 2012; Gallart et al. 2015; Weisz et al. 2015; Wetzel et al. 2015; Fillingham et al. 2015 Fillingham et al. , 2016 .
A further application of Local Group dwarf SFHs is to study the high-redshift universe. Accurate measurements of SFHs allow us to extrapolate galaxy properties back in time and to place constraints on high-redshift luminosity and stellar mass functions (Boylan-Kolchin et al. 2014; Weisz et al. 2014b; Boylan-Kolchin et al. 2015; Graus et al. 2016 ). More generally, comparisons between SFHs from simulated and observed galaxies provide important tests for cosmological models of galaxy formation. Such studies suggest that strong stellar feedback is essential for explaining the dwarf galaxy population (e.g., Di Cintio et al. 2014; Dutton et al. 2016; Sawala et al. 2016; Read et al. 2016; Garrison-Kimmel et al. 2017) .
Strong stellar feedback not only regulates star formation, it also can change structural properties of the galaxy.
For example, feedback from supernovae has been shown to create cores in the dark matter halo profiles of simulated dwarf galaxies (e.g., Pontzen & Governato 2012; Oñorbe et al. 2015; Fitts et al. 2017) . This is important as it could be a key component in solving small-scale problems with ΛCDM (Bullock & Boylan-Kolchin 2017) . For example, the cusp-core problem (Flores & Primack 1994; Moore 1994) , where observations of some dwarf galaxies are best fit by cored dark matter density profiles, in contrast to dark matter only simulations in which halos have NFW cusps. This can also help alleviate the "Too Big To Fail" problem (BoylanKolchin et al. 2011) , where the most massive subhalos of Milky Way-like halos appear too dense to host the largest galaxies seen observationally in ΛCDM.
The same feedback episodes that alter the dynamics of dissipationless dark matter in halos can also affect the collisionless stars in galaxies. Indeed, we expect the dark matter and stars to respond dynamically to feedback-induced potential fluctuations in a qualitatively similar manner, given that both behave as (effectively) collisionless fluids. Such an effect was investigated by El-Badry et al. (2016) , who used the FIRE-1 1 simulations to show that simulated dwarf galaxies with strong stellar feedback have large fluctuations in their effective stellar radii over time (see also Stinson et al. 2009 ). This effect can eventually lead to an overall median age gradient where young stars form in the center of the galaxy and old stars are preferentially found in the outskirts. Qualitatively, this agrees with the observed age and metallicity gradients seen in most dwarf galaxies locally, where younger (more metal-rich) stars lie in the center and older (more metal-poor) stars in the outskirts (Battaglia et al. 2006; Faria et al. 2007; Beccari et al. 2014; McMonigal et al. 2014; del Pino et al. 2015; Santana et al. 2016; Kacharov et al. 2017; McQuinn et al. 2017; Okamoto et al. 2017; Cicuéndez et al. 2018; Cicuéndez & Battaglia 2018) .
Age and metallicity gradients could potentially be relevant for the measurement of SFHs, as a spread in age with position could lead to biases in the observed SFHs relative to the true SFH. Specifically, if a CMD study relies on a field that is small compared to the galaxy's area on the sky, the inferred SFH might not represent the global history of the galaxy. While the simulations studied in El-Badry et al. (2016) included enough dwarf galaxies to study the origin of population gradients (four systems with M star = 10 6 − 10 9 M ) the sample was not large enough to explore trends and potential observational biases associated with this effect. Here we use a sample of 26 dwarf galaxy simulations with stellar masses from 10 5 − 10 9 M , including 9 presented in Fitts et al. (2017) and 17 introduced here, all run with the GIZMO code (Hopkins 2015) 2 and the FIRE-2 feedback implementation (Hopkins et al. 2018 ). Our aim is to study the spatial variation in SFHs over our entire suite of simulations, to search for correlations between the SFH gradient and other observables, and to use our simulations to explore the biases in SFHs that could arise from small-field CMD studies of local galaxies.
In section 2 we discuss the simulations and our methodology for measuring variations in SFHs. Section 3 presents our predictions for SFHs, how they vary with radius, and shows that the strength of the gradient increases with galaxy age. In section 4, we discuss the origins of these variations, and what the gradients imply for interpreting current and future observations of Local Group dwarf galaxies.
SIMULATIONS AND METHODS
The simulations used in this work were run using the multimethod gravity+hydrodynamics code GIZMO (Hopkins 2015) and utilize the the FIRE-2 feedback implementation (Hopkins et al. 2018) . We specifically use a mesh-free Lagrangian Godunov (MFM) method that is second-order accurate and maintains many of the advantages of traditional SPH codes, while avoiding some of the traditional pitfalls of classic SPH codes such as accurate capturing of shocks, and general treatment of fluids, for which grid-based codes have traditionally been better. The simulations include star formation in dense molecular gas that is self-shielding, and Jeans-unstable (Krumholz & Gnedin 2011) . We also include cooling and heating from an ionizing background (FaucherGiguère et al. 2009 ), along with photo-heating and radiation pressure from stellar sources including feedback from OB stars and AGB mass-loss. We also include Type Ia and 2 http://www.tapir.caltech.edu/~phopkins/Site/GIZMO.html Type II supernovae. All the stellar physics is calculated assuming each star particle is a simple stellar population with a Kroupa (2001) initial mass function. Furthermore, we include turbulent diffusion of metals (Hopkins 2017; Su et al. 2017) , which provides for a better match to observed metallicity distributions of Local Group dwarf galaxies (Escala et al. 2018) .
Our sample includes 9 of the dwarf galaxies introduced in Fitts et al. (2017) along with an additional suite of 17 isolated dwarf galaxies presented for the first time here. Table 1 presents an overview of the simulations along with adopted names. The Fitts et al. (2017) dwarfs (named m10b-m) were choose to form in halos of mass M v 10 10 M at z = 0 and were simulated with dark matter particle masses of m dm = 2500 M and initial gas particle masses of m g = 500 M These dwarf galaxies form between 10 5 and 10 7 M in stars, where the mass of a star particle is initially the same as a gas particle. The second set of simulations (named m10xa-i) includes 17 halos with M v = 0.1 − 1 × 10 11 M each run with dark matter masses of m dm = 20000 M and initial gas particle masses of m g = 4000 M . These more massive dwarfs form between 10 7 and 10 9 M of stars and are similar to the most massive dwarf galaxies seen in the Local Group. For the new suite of simulations we name the most massive halo after the simulation itself (m10xa -i). Lower mass halos from the same simulation are designated by the simulation name followed by a capital latter (A, B, C, ect.). The stellar mass vs. halo mass and stellar mass vs. V max relation for the simulated galaxies used in this work are shown in Figure 1 .
All of these simulations are cosmological zoom-in simulations (e.g., Katz & White 1993; Oñorbe et al. 2014 ) with initial conditions generated using the MUSIC initial conditions generator (Hahn & Abel 2011) . Halo finding in the simulation was done using a combination of the Rockstar halo finder (Behroozi et al. 2013) , and the Amiga Halo Finder (Knollmann & Knebe 2009, AHF) to verify the properties of the halos and galaxies in this suite including the masses and centers of the halos and galaxies. One final note is that the two sets of simulations have slightly different cosmologies with the Fitts et al. (2017) Figure 2 shows examples of the SFH gradients for three galaxies in the sample (m10xb, m10xe, m10l) arranged from top to bottom by strength of the gradient. The images in the left column show circularly-averaged age maps seen in projection along an arbitrary axis. The size scale is normalized by the projected (2D) half-mass radius of the galaxy R 1/2 . The stars are then binned into 10 bins within 1.5 × R 1/2 such that the number of stars is equal in each bin. The color code maps to the median age of stars in each radial bin. The panels on the right show the SFHs within ten radial bins, now color-coded by the bin radius. The top row shows one of the weakest SFH gradients in our sample, while the bottom row shows one of the strongest. Note that m10l with a strong gradient is also the oldest of the three (with the longest lookback time for median star formation) while m10xb is the youngest overall. We show below that a trend between global age and overall SFH gradient is seen throughout our sample. Figure 3 quantifies the age gradients for the same galaxies illustrated in Figure 2 . The two colors correspond to different characteristic ages: blue shows the lookback time to when stars in a projected radial bin first reached 50% of their final stellar mass (t 50 ); orange shows the lookback time to the formation of 90% of the final stellar mass (t 90 ). Stated another way, t 50 is the median age of the stars at a given radius and t 90 is the 90th percentile age of stars at a given radius. The solid blue (orange) line shows the median values of t 50 (t 90 ) computed at a given projected radius over 100 random viewing angles for each galaxy. The shaded regions show the 99th percentile ranges over all projections. We quantify the gradients by measuring the radial variation in t 50 and t 90 as:
RESULTS

SFH gradients
Note that the gradients are normalized to the half-mass radius and have units of Gyr (per R 1/2 ). The value of the slope tells us simply how much older the stars at the halfmass radius are than those at the center of the galaxy in Gyr. We measure the slope of the gradient in two different ways. First, we take the difference between t 50 and t 90 in the innermost and outermost bins, and then divide it by the difference in the mean radius of the inner and outer bins. To double check this, we also measure the slope by calculating the least squares fit to a line, and taking the slope of that line. We find that the different methods of measuring the slope make little difference, and the variation in gradient over projection angle is a much larger effect.
The median values for the gradients we measure for each galaxy in our simulated sample are listed in Table 1 . We see that most of the dwarf galaxies show a clear negative age gradient, where the stars are younger in the inner regions and older in the outskirts. Some of the gradients are small, or consistent with being flat, but most are clearly negative. The gradients are measured within 1.5 × R 1/2 by dividing the stellar distribution along the chosen projection into 10 radial bins, such that there are an equal number of star particles in each bin. All galaxies have > 80 star particles per bin, or > 800 star particles within 1.5 × R 1/2 , however the results do not vary significantly with bin choice. Interestingly, the value of the gradient does not appear to correlate with standard parameters such as halo mass, stellar mass, or V max (see appendix). However, there is a correlation with galaxy age. Figure 4 shows the relationship between a galaxy's age gradient and the overall age of the galaxy. The error bars on the gradient values reflect the full variation over all projection angles while the ages are measured for all of the stars within 10% of the virial radius. We see that earlier-forming galaxies show more significant (more negative) age gradients, while later-forming galaxies have smaller (less negative) age gradients. We discuss the origin of this trend in Section 4 and conclude that it is driven by a combination of mergers and the strong stellar feedback inherent in our simulations. Example star formation history gradients in three galaxies. Left: Map of median stellar age in projected radial bins normalized by the 2D half-mass radius. The color bar maps to age (lookback time to formation) as indicated, with yellow corresponding to older stars and purple to younger stars. Right: The cumulative SFH within each projected radial bin colored by the distance of the bin from the center of the galaxy as indicated by the color bar on the right. Note that the youngest galaxy has the least pronounced SFH gradient on the upper right. The oldest galaxy has the strongest SFH gradient on the lower right. The bins are fixed to be circular, however we note that the resulting gradients do not change significantly if we allow the contours to be elliptical.
DISCUSSION
Origin of Age Gradients
The standard picture for how stars are distributed in galaxies as a function of age is rooted in the "inside-out" model, where star formation is first confined to the center of the galaxy and proceeds in the outer reaches only at later times (Larson 1976; Mo et al. 1998; Avila-Reese & Firmani 2000; Brook et al. 2006; Pilkington et al. 2012; Aumer & White 2013) . Such a distribution is seen observationally in larger galaxies including disk galaxies (Martin et al. 2005; Gil de Paz et al. 2005 , 2007 Nelson et al. 2012 Nelson et al. , 2016 and ellipticals (van Dokkum et al. 2010; Patel et al. 2013) . Based on how age gradients are measured in this work, inside-out Figure 3 . Age vs. projected radius for three example galaxies -m10xb, m10xe, and m10l from left to right, respectively. These are the same galaxies illustrated in Figure 2 . The times shown are specifically the lookback times to 50% star formation (t 50 , blue) and the lookback times to 90% star formation (t 90 , orange). The solid line represents the median age measured at each projected radius for 100 random viewing angles for each galaxy, while the shaded bands show the 99th percentile range in measured age at a given projected radius over all 100 random viewing angles. The corresponding slope of the gradient as defined in Equation 1 is shown in the lower left of each panel. 1 for all of the galaxies in the sample, plotted against the t 50 (median age of stars, left) or t 90 (age of the youngest 10% of stars, right) of all the stars in the galaxy. Error bars represent the variation over all projections. There is a clear trend with star formation time, such that galaxies that form earlier tend to have stronger gradients.
formation would correspond to a positive value of γ 50 and γ 90 . From figure 4 we see that essentially none of the dwarf galaxies studied in this work show positive age gradients in a striking difference from that naive expectation.
Unlike large disks and elliptical galaxies, dwarfs are much less ordered, and this likely contributes to the lack of the characteristic inside-out age gradients. Two possible mechanisms for inverting age gradients are mergers, which could bring in stars and modify an existing gradient, and stellar feedback, which could heat stars progressively over time, pushing older stars to the outskirts.
Both galaxy mergers and mergers with dark matter halos containing no stars could drive SFH gradients. Specifically, mergers (either with stars or without) can heat the pre-existing stellar distribution (Starkenburg & Helmi 2015; Benitez-Llambay et al. 2016; Leaman et al. 2017) . Since these mergers tend to happen at early times, they might be responsible for driving the spread with formation time as they would be more likely to heat older stars.
Mergers with galaxies that contain stars can also drive age gradients by preferentially adding stars to the outskirts of a galaxy. This is similar to how the stellar halo of Milky Way-size galaxies is believed to be built (Bullock & Johnston 2005; Cooper et al. 2010) . Since most mergers are with lower mass objects, most accretion events among dwarfs galaxies likely include many ultrafaint dwarf galaxies with very old Figure 5 . The ratio between the 3D half-mass radius of young stars (r 1/2,young ), and all of the stars in the galaxy at that same time (r 1/2,all ) as a function of time. This sample is divided into two subsamples: galaxies with flat age gradients (γ 90 ≥ -0.75) and galaxies with strong age gradients (γ 90 < -2.0). The two subsamples are then averaged and smoothed using a Gaussian kernel. Two things are apparent from this figure. First, on average, stars are born near the center of the galaxy at all times, signaling that some process is heating the stars over time. Second, galaxies with flatter age gradients tend to form stars closer to the distribution of all stars, while galaxies with strong age gradients tend to have more concentrated star formation at nearly all times (with a potential exception at very early times). stellar populations. Mergers of this kind could deposit old stars to the outskirts of the primary dwarfs.
In reality, galaxies experience both mergers and feedback. Therefore, the exact origin of a gradient in a galaxy must be evaluated on a case-by-case basis. However, some broad conclusions can be drawn from analysis of this suite of simulations. Merger history can play some part in the formation of an age gradient, however, it can both create and destroy an age gradient. For example, several galaxies with flatter age gradients (such as m10xe, m10xd, m10xd A, and m10xh) have late time mergers with another galaxy. If the merging galaxy has a sufficiently extended SFH, than the merger adds young stars to the outskirts and prevents an age gradient from forming. In contrast, some galaxies like m10xi have strong age gradients that form due to mergers. In the specific case of m10xi it has a merger with several small objects at z 1 which bring in almost exclusively ancient stars and rapidly build an age gradient. The relationship between strength of the gradient and the specifics of mergers naturally explains the trend between strength of the age gradient and formation time. Objects that have mergers that bring in young stars at late times would have both late formation times and flat age gradients. While objects that have earlier mergers that bring in ancient stars would have earlier formation times and strong age gradients.
Interestingly, most of the galaxies in our sample that have no accreted stars still have pronounced age gradients. Evidence of this can be seen in Figure 5 where we show the ratio between the half-mass radii of young stars (born since the last snapshot) and the half-mass radii of all stars. At all times, the half-mass radii of young stars is on average about half that of all stars, pointing to some mechanism that heats the stars after they form, pushing them to larger radii. Such a mechanism would build a gradient over time as successive generations of stars are pushed further out.
One obvious physical mechanism for creating this heating is stellar feedback processes similar to those that are responsible for creating cores in dwarf galaxies (Pontzen & Governato 2012; Di Cintio et al. 2014; Oñorbe et al. 2015; Dutton et al. 2016; Read et al. 2016; Fitts et al. 2017) . Stellar feedback from supernovae can quickly expel gas from a dwarf galaxy. The resultant change in the gravitational potential can perturb the orbits of dark matter particles and create cored dark matter halo profiles. A similar process could reorder the stars in the galaxy. One obvious indication that this is happening would be if the strength of the age gradient correlates in some way with the formation of a core in the dark matter halo.
As seen in previous works involving dwarf galaxies in FIRE (Oñorbe et al. 2015; El-Badry et al. 2016; Fitts et al. 2017 ) the dark matter halos of dwarf galaxies in our sample can be strongly affected by stellar feedback, with cores getting larger as the stellar mass increases, up to the limit of our sample. Naturally, if stellar feedback were responsible for creating age gradients as well as cores, a first-order test would be to see if the strength of the gradient correlates with the size of the core. To measure core strength we ran dark matter only versions of our simulations and have compared the densities near the center both with and without hydrodynamics. In figure 6 we plot the same data as figure 4, but now color the points by the ratio of the dark matter density in the full hydrodynamics simulation to that of the corresponding dark matter only simulation (ρ hydro /ρ dmo ) measured at 500 pc. The left panels in figure 6 show this for all galaxies in our sample and there appears to be no relation between core formation and age gradient. However, this sample includes galaxies with late time mergers, which could flatten out the age gradient, but may have a different impact on the core. Furthermore, some of the smaller galaxies in our sample do not have enough stars for feedback to have affected the core (e.g. Fitts et al. 2017 ). Both of these mechanisms would act to wash out any obvious relation between core formation and gradient formation.
In the right-hand panel of figure 6 we plot the same relation, but only for galaxies that have enough stellar mass to form a core (M star > 5 × 10 6 M ), and have few accreted stars ( f acc ≤ 5 %). For these galaxies we see some indication that galaxies with larger cores have flatter age gradients. This trend can be understood in tandem with the relationship between gradient strength and formation time. Earlyforming galaxies have more feedback at early times to push out stars. Subsequent star formation deposits young stars at small radius, creating a strong age gradient. However, any core in the dark matter halo that formed along with this early star formation can get rebuilt from subsequent darkmatter mergers, an effect that has been seen in previous FIRE simulations (Oñorbe et al. 2015) . Subsequent star formation was not enough to drive the creation of a core, nor to drive younger stars out, but enough to drive the median age of the inner regions to younger ages. For later forming galaxies, large star formation rates at late times created a large core, and pushed younger stars into the outskirts mixing the stars of different ages at larger radii. Completely decou- Figure 6 . Strength of the age gradient as a function of formation time. The left two panels are identical to Figure 4 , however the points are now colored by the density ratio between the full hydrodynamics run and the corresponding halo from a dark matter only simulation. For a scenario where feedback is the only cause of the age gradients, one would expect a correlation between core formation and strength of gradient. However, galaxies with too low of a stellar mass to form a core, and galaxies with many stars brought in by mergers could contaminate this relationship. The right panels attempt to remove these contaminants, by removing any galaxy with less than 5×10 6 M in stellar mass, and with greater than 5% accreted stars. Once these are removed there appears to be a slight relation between core formation and strength of the gradient, where objects flat gradients tend to have recent star formation, and large cores. This potentially points toward these stellar populations being more well mixed due to recent star bursts driving feedback and both creating cores, and smoothing out an age gradient.
pling all these effects would require a much larger sample of galaxies with a variety of accretion histories at fixed stellar mass. Investigations of this nature with a larger sample of dwarf galaxies could help to decouple the timescales of core formation, gradient formation, and mergers from galaxies.
As a final caveat, several recent works have investigated the connection between core formation in dwarf galaxies and the density threshold of star formation implemented in cosmological simulations of galaxy formation (Bose et al. 2018; Dutton et al. 2018; Benitez-Llambay et al. 2018) . In general, it appears as though core formation is intimately tied to the density threshold of star formation assumed. If the density threshold is too low (n 0.1 cm −3 ), gas is allowed to turn into stars a low densities compared to the local dark matter density, and cannot dominate the local gravitational potential, preventing the formation of cores. On the other hand, if the density threshold is high (n 10-100 cm −3 ), the gas can dominate the local gravitational potential. The density threshold for star formation used in our FIRE-2 simulations is n = 1000 cm −3 , which is well into the regime where star formation is able to induce core formation. The relation between star formation threshold and core formation complicates the picture of how star formation impacts galaxy evolution. If the formation of age gradients is tied to feedback, then it could also be similarly affected by the threshold of star formation. If so, then observational explorations of age gradients in dwarf galaxies may provide an interesting direct constraint on galaxy formation simulations and help define realistic star formation thresholds.
Observed Dwarf Galaxies
It has long been known that the classical dwarf satellites of the Milky Way and galaxies throughout the Local Volume show metallicity gradients (Harbeck et al. 2001; Battaglia et al. 2006; Bernard et al. 2008; McConnachie 2012; Martínez-Vázquez et al. 2015; Okamoto et al. 2017; Kacharov et al. 2017) . The metallicity gradients appear to be in the same direction of those in simulated galaxies presented in this work. Observed dwarf galaxies tend to have metalrich (younger) stars in their central regions, and metal-poor (older) stars farther out. To date, observations of the distribution of stellar ages as a function of radius, are rare, particularly at this mass scale, making a direct comparison difficult.
One comparison we can make is to the data presented in Hidalgo et al. (2013) , who observed four nearby dwarf galaxies (Cetus, Tucana, LGS 3, and Phoenix) and measured the SFHs of these galaxies in radial bins. The results once again qualitatively agree with our results. LGS 3 and Phoenix show a fairly strong spread in SFH where the age of the latest forming stars increases with increasing radius. Tucana shows a smaller spread in its SFH, and Cetus has no detectable spread. It is difficult to use this data to quantify whether or not the formation time is correlated to the spread in the SFH because many of these galaxies are not isolated, and are therefore may be quenched by environmental effects ). Indeed, the galaxies with smallest gradients in the Hidalgo et al. (2013) sample (Cetus and Tucana) are older; however, both of these galaxies are quenched whereas all the isolated dwarf galaxies in FIRE studied in this paper are actively star forming. Another comparison that can be made is to various Integral Field Unit surveys of galaxies that have become common over the past several years. Because these surveys provide spectral coverage over each pixel, it is possible to measure SFH variation over the face of a galaxy. García-Benito et al. (2017) measured the spatially resolved SFHs for 661 galaxies within the CALIFA survey. The stellar mass range of their targeted galaxies is 10 8.4 to 10 12 M , and thus only the most massive of the galaxies in our sample are directly comparable to the results from the CALIFA survey. However, there are some interesting trends that are hinted at in García-Benito et al. (2017) . In general, they find that their galaxies show age gradients with older stars in the central regions, and younger stars at the outskirts consistent with typical inside-out galaxy formation. These massive galaxies also show very weak gradients in their SFHs. Interestingly, this gradient actually strengthens in the lowest-mass bin in their sample, M star = 10 8.4 to 10 9.9 M . In this bin, the stars are in general later forming, but the gradient between the inner and outermost regions is larger. This could potentially point toward some interesting evolution between the most massive galaxies in our sample which show slightly negative or flat gradients, and the lowest mass galaxies in the CALIFA sample, which show large positive age gradients. Additionally, it is possible that there is a strong difference between SFHs measured from spectra, and those measured from CMDs. Such a tension was pointed out by Leitner (2012) who compared SFH measured with both SDSS spectra and CMDs and found a that they disagree, with SFHs from CMDs implying a much slower growth. However, in order to decouple these issues, more observations of spatially resolved SFHs for small galaxies are needed.
Implications for SFH measurements
If real dwarf galaxies have SFH gradients similar to those predicted in our simulations, it could impact the interpretation of current measurements of SFHs and plans for future measurements. This is because CMD-derived SFHs often rely on photometric observations via space-based facilities, such as the Hubble Space Telescope (HST), with fields of view that cover only 10% (or less) of the area of nearby galaxies. If the galaxy has a strong age gradient, the placement of the field with respect to the galaxy's center could lead to a biased view of the overall global SFH of the galaxy.
Here we explore the potential bias that could arise from fractional spatial coverage by measuring the spread in SFHs as a function of projected radius. Of course any bias in the recovered SFH depends on several factors including the survey field's distance from the center of the galaxy, the size of the field of view with respect to the galaxy, and the steepness of the gradient. Observationally, the first two are known, but the strength of the gradient cannot be determined without first measuring the SFH. Our goal is to estimate the nature and magnitude of the effect using mock observations of our galaxy sample. Figure 7 shows the result of this exercise. We have computed the values of t 50 and t 90 for all galaxies in our sample, each viewed from 100 different random angles. We then measured the spread in SFH in discrete bins of width 0.1 R 1/2 . The figure shows the measured ages relative to the true value of t 50 or t 90 for all of the stars within 10% of the virial radius of the galaxy's dark matter halo. The solid lines in Figure 7 show the median of the error in age as a function of projected radius. The shaded regions with the darker and lighter bands show the 68% and 95% distributions in deviation from the true age of the galaxy.
The bias in the SFH measured at different points throughout the galaxy works in the direction one would expect: the inner regions of the galaxy are biased younger than the global SFH of the galaxy, and the outskirts are biased older than the global value. Interestingly, the SFH measured around the projected half mass radius matches well to the galaxy-averaged value, with a relatively small scatter. We can apply this information to current observed SFHs such as those in Weisz et al. (2014a) . In general, this data is archival HST data, where the fields were selected to max- Figure 7 . Bias in inferred SFH that would occur from studying a stellar population at a given projected radius in units of a galaxy's half-mass radius. The offset in true t 50 (median age) and t 90 (90 percentile youngest stars) are shown in the left and right panels, respectively. The solid lines represent the median bias in age determined by "stacking" all of our galaxies and observing them over 100 viewing angles each. The darker and lighter shaded regions represent the 68% and 95% contours of the distributions. The "pinch" at a time-bias of zero at R/R 1/2 1 in both panels shows that photometric fields positioned near a galaxy's half-light radius are optimal for single-pointing stellar population studies aimed at providing an unbiased view of a galaxy's global SFH.
imize the number of stars. Therefore, the fields tend to be near the centers of galaxies, and are almost always within the half-light radius. Assuming the half-mass and half-light radii are comparable in size, this would imply that many CMD-based SFHs in Weisz et al. (2014a) are biased young relative to the global SFH of the galaxy as mentioned in section 4.1 of Weisz et al. (2014a) . This motivates additional observations of these galaxies outside of the half-light radii.
Implications for future observations
As discussed in Section 4.3, age gradients can potentially bias SFHs inferred from CMD studies that cover only a fraction of a dwarf galaxy. This result may have important implications for planning future observing campaigns to infer galaxy SFHs with resolved stellar populations. Without a careful accounting for the age gradient, significant errors in the SFH can result. Where fields should be placed within galaxies in order to recover the correct SFH will become even more important in the future for the James Webb Space Telescope (JWST), which has a similar field of view as HST but will be able to measure SFHs for many more galaxies throughout the Local Volume. Our results shown in Figure  7 suggest that fields at radii close to R 1/2 are optimal. However, for galaxies of these sizes beyond about 1.3 Mpc the entire galaxy should fall within one HST or JWST pointing, thus eliminating the need to aim for R 1/2 . Note that we find no significant spatial or angular variation at fixed projected radius -it is the distance from the galaxy center that matters most.
Even further on the in the future, WFIRST will be able to cover most of the area of galaxies throughout the Local Volume; however, crowding effects could limit its ability to measure accurate SFHs for the inner regions of these galaxies. If crowding affects the ability to do stellar population studies within R 1/2 , then measured SFHs could be biased old with respect to the global stellar distribution.
One potential caveat of the analysis in this section concerns whether the simulated galaxies we study here are representative of dwarf galaxies in the Local Group. The relative isolation of the galaxies in our sample could make their SFHs differ from dwarf galaxies in the vicinity of a larger galaxy. One place where our sample is truly not representative is to the satellites of the MW and M31, where most low-mass galaxies are not actively star forming. However, it is possible that host interactions influence dwarf galaxy evolution even beyond the virial radii of M31 or the MW. Garrison-Kimmel et al. (in prep) have looked at this question by comparing dwarf galaxies simulated with FIRE physics. They concluded that the isolated dwarfs used in this work form significantly later than satellite galaxies at all masses. Interestingly, they also form slightly later on average than galaxies that are beyond the virial radius of a larger system but within about 1 Mpc of a Local Group giant. This difference is not statistically significant for galaxies of a stellar mass above 10 6 M , which all but two of the galaxies used in this sample are.
CONCLUSION
In this work we have studied the presence of SFH gradients in FIRE-2 simulations of dwarf galaxies. Almost all of our galaxies, which have stellar masses between 10 5.5 and 10 8.6 M , show gradients in their SFHs with younger stars at the center and older stars at the outskirts. The slope of the gradients varies widely between galaxies, and does not seem to show a strong correlation with stellar mass and halo mass.
However, as shown in Figure 4 , there is a clear correlation between the slope of the age gradient and the overall age of the galaxy.
The origin of these age gradients is a complicated mixture of both mergers and stellar feedback. Mergers can both create and destroy age gradients based on the timing of a merger, and the SFH of the merging system. Stellar feedback produces potential fluctuations that heat stars and also launches molecular outflows that subsequently form stars (El-Badry et al. 2016) . Earlier forming galaxies have had a longer time for their stars to be dynamically heated by multiple feedback episodes changing the gravitational potential of the galaxy via the removal of gas. Early feedback events also produce more outflowing, star-forming gas, which eventually deposits older stars at larger radii.
Furthermore, we see a trend between strength of the age gradient and core formation in the dark matter halo. Systems with flat age gradients tend to have large dark matter cores. This is because these systems have had more recent intense star formation which both builds a core and efficiently mixes stellar populations of different ages. For galaxies with strong age gradients, these systems tend to have stronger star formation at earlier times, and over time these stars were heated by stellar feedback. At late times the SFR was low enough that feedback could not drive a core in the dark matter halo, or eject stars into the outskirts of the galaxy, but was enough to drive the median age of the central regions to younger ages.
Observational comparisons to available data are difficult; however, there are some broad consistencies. First, dwarf galaxies are known to have median age gradients with younger stars at the center and older stars at the outskirts. Resolved SFH work such as that from Hidalgo et al. (2013) supports the existence of SFH gradients, but provides weak evidence of a trend with formation time.
The existence of significant age gradients in dwarf galaxies could potentially lead to observational biases in stellar population studies that are restricted to a limited area of a dwarf. Figure 7 shows that inner fields are biased young and outer fields are biased old relative to the global SFH of the galaxy. The ideal location for a photometric field to provide an unbiased measure of the global SFH is near the 2D half-light radius.
The observation of SFH gradients in dwarf galaxies has several implications for the future of galaxy formation studies. If dwarf galaxies in the Local Volume show a gradient in their SFHs, measuring how this gradient scales with formation time could be useful in calibrating feedback models. However, accurate calibration of feedback models would require resolved SFHs for many dwarf galaxies at several radii in order to accurately measure the slopes of the gradient.
Importantly, the spread in SFH with radius is large enough that SFHs derived from single-field CMDs may not be accurate. The SFH can vary significantly with radius, potentially biasing results from small fields by several Gyrs. Thus truly understanding the formation of dwarf galaxies will require observations covering large areas of the galaxy, or at least some correction for how incomplete coverage can bias measurements of the SFH. If only a single pointing is possible then Figure 7 suggests that the field should be centered near R 1/2 . Such considerations should be taken into account as we move towards stellar population studies in the era of JWST, WFIRST and 30m-class telescopes.
APPENDIX A: AGE GRADIENT VS. MASS Figure 1 shows the relationship between age gradients and halo mass and stellar mass. Unlike the clear trends seen in Figure 4 between gradient and age, there appears to be no correlation with these other common parameters. Age gradients for all of the galaxies in the sample, plotted against M vir and M star . No trend is apparent. Note that the galaxies in the Fitts et al. (2017) sample were specifically selected to lie at M halo = 10 10 M .
